Introduction
Cerebrospinal fluid (CSF) recirculation within the CNS happens through numerous different pathways. Recent revelations about a previously unappreciated meningeal lymphatic system of the CNS (Aspelund et al., 2015; Louveau et al., 2015b) have prompted a fresh look at some basic ideas about fluid, molecular, and cellular exchanges between different brain compartments, as well as a reassessment of the importance of these CNS-draining lymphatics for CNS homeostasis (Antila et al., 2017; Da Mesquita et al., 2018; Louveau et al., 2017; Ma et al., 2017) . After a brief historical summary, we begin by introducing several new concepts and findings concerning the development and function of the meningeal lymphatic system, and its role in CSF drainage and as a modulator of paravascular mechanisms for macromolecular exchange (through the glymphatic route). We then discuss the relevance of the meningeal lymphatic system for aging-associated brain dysfunction, amyloid clearance in Alzheimer's disease (AD), and cytokine signaling in the brain.
History of the Discovery and Rediscovery of Meningeal Lymphatic Vessels
The existence of lymphatic vessels in the brain meninges was first mentioned toward the end of the 18 th century by Paolo Mascagni, an Italian physician known for his unparalleled anatomical knowledge (Bucchieri et al., 2015) . Despite the exceptional anatomical precision of Mascagni's wax models of human body parts and organs (on display at the Josephinum Medical Museum in Vienna), his claim that lymphatic vessels are present in the brain meninges was discredited and evidently forgotten (Luki c et al., 2003) . Almost two centuries later, another Italian scientist reported Mascagni's ''discovery'' of lymphatic vessels after inspecting samples of human dura (Lecco, 1953) , and in the 1960s, Csanda and colleagues (Fö ldi et al., 1966) described the existence of a lymphatic connection between the CNS and the periphery that was actually involved in drainage of CNS molecules. Those works were also met with skepticism by their contemporaries. At the end of the last century, Jicheng Li and colleagues, using the more robust scientific technique of scanning electron microscopy, claimed discovery of meningeal lymphatic vessels, which they named cerebral meningeal stomata, and suggested to be part of the cerebral prelymphatic capillary system (Li et al., 1996) . However, given the available methodology, they could not be certain whether the round to oval stomata, which were localized between the mesothelial cells of the cerebral meninges (Li et al., 1996) , were in fact lymphatic vessels.
It thus took more than 200 years, and the eventual application of state-of-the-art techniques, for Mascagni's initial observations to be confirmed by a sufficiently detailed structural and functional characterization of meningeal lymphatic vessels (Louveau et al., 2015b) . This odyssey serves as a good example of the rejection of new paradigms by the contemporary community simply because they do not fit the prevailing dogma-which, in the present case, was based on the universally held conception of the CNS as an ''immune-privileged'' organ having no direct communication or interaction with the immune system, at least under healthy conditions. Parenthetically, this begs an intriguing question: how many other rejected discoveries are awaiting ''rebirth''?
The bona fide lymphatic vessels existing in the meninges of the CNS express the classic markers of lymphatic endothelial cells (LECs), namely, vascular endothelial growth factor receptor 3 (VEGFR3), prospero homeobox protein 1 (Prox1), podoplanin, lymphatic vessel endothelial hyaluronan receptor 1, C-C motif chemokine ligand 21, and CD31, and can efficiently drain both molecules and immune cells from the subarachnoid space into the cervical lymph nodes (Aspelund et al., 2015; Louveau et al., 2015b) . Ever since their characterization in mice, publications on the subject have reported that meningeal lymphatic vessels are evolutionarily conserved and are found also in fish, rats, non-human primates, and humans (Absinta et al., 2017; Bower et al., 2017; Jung et al., 2017) . In the developing embryo, peripheral lymphatic vessels sprout from venous vasculature, by differentiation of venous endothelial cells into LECs, through Prox1-and VEGFR3-dependent mechanisms (Alitalo, 2011; Alitalo et al., 2005) . On the contrary, meningeal lymphatics (in rodents) develop and mature after birth and respond to vascular endothelial growth factor C (VEGF-C), but not to VEGF-D (Antila et al., 2017) . However, as seen in peripheral lymphatics (Joukov et al., 1996; Karkkainen et al., 2004) , blocking of the interaction of VEGF-C with one of its receptors (particularly VEGFR3) impairs the development of brain meningeal lymphatic vessels (Antila et al., 2017) . In peripheral tissues, cells and molecules are first guided into smaller caliber initial lymphatic vessel capillaries (initial lymphatics) and then into precollector and larger collector lymphatic vessels, which are equipped with valves (specialized structures expressing integrin-a9) that prevent backflow of lymph constituents. Initial lymphatics are permeable to cells and debris/molecules due to the existence of flap-like openings between the single layer of LECs, which is made possible due to discontinuous button-like junctions between LECs (Alitalo, 2011; Alitalo et al., 2005; Baluk et al., 2007) . When compared to peripheral lymphatics, meningeal lymphatics are composed of a less ramified network of thin-walled initial lymphatic vessels (without integrin-a9-expressing valves) that converge and exit the cranium along particular anatomical structures, namely, along the retroglenoid vein and sigmoid sinus and along the meningeal portions of the pterygopalatine artery (Aspelund et al., 2015; Louveau et al., 2015b) . In adult mice, diffusible solutes (in this case Evans blue) injected into the CSF that fills the cisterna magna were shown to drain first into the deep cervical lymph nodes (dCLNs) and later into superficial cervical lymph nodes (sCLNs) (Louveau et al., 2015b) . Molecular tracers injected into the mouse brain parenchyma were first detected only in the draining dCLNs, but not in the sCLNs (Aspelund et al., 2015) , suggesting that interstitial fluid (ISF) and CSF molecules in mice are initially drained into dCLNs and only later into sCLNs. Evans blue injected into the nasal mucosa, however, could not be detected in the dCLNs 30 min later (Louveau et al., 2015b) , pointing to slower drainage by the nasal lymphatics and/or a possible alternative drainage route. Still lacking, however, is a comprehensive characterization of the cellular players in meningeal lymphatic system formation and maintenance, and of the lymphatic network that connects the CNS-draining initial lymphatics to the CLNs. We also need to broaden our knowledge of meningeal lymphatic network complexity in rodents, nonhuman primates, and humans (Absinta et al., 2017) . It will be interesting to evaluate whether this network of lymphatics is more complex in organisms that have more convoluted brains and higher cortical neuronal density and that display multifaceted cognitive behaviors (Azevedo et al., 2009; Mota and Herculano-Houzel, 2015) .
CSF Homeostasis
The main components of the CSF, which fills the brain ventricles and the subarachnoid spaces, are produced by the choroid plexus (Johanson et al., 2008) . Besides modulating CSF composition, this highly vascularized epithelium, which is present in all four brain ventricles, constitutes the blood-CSF barrier, one of the interface barriers of the CNS (Ghersi-Egea et al., 2018; Johanson et al., 2008) . Epithelial cells of the choroid plexus secrete some of the main CSF proteins, such as transthyretin (Schreiber et al., 1990) , and express different ionic and water transporters, such as aquaporin-1, both at the basolateral membranes (on the blood side) and at the apical membranes (on the CSF side), thus tightly regulating CSF ionic and hydrostatic properties (Ghersi-Egea et al., 2018; Johanson et al., 2008; Oshio et al., 2005; Saunders et al., 2013) . Owing to size-restricted filtration at the brain's barriers, the protein contents of the CSF and the ISF are lower than those of plasma; nevertheless, some blood-borne ions and molecules (such as the hormone leptin) are able to reach both the CSF and the ISF via selective transport mechanisms present in epithelial cells of the choroid plexus and in endothelial cells of the blood-brain barrier (BBB) (Ghersi-Egea et al., 2018; Hammock and Milhorat, 1976; Zhao et al., 2015a; Zlokovic et al., 2000) . The composition of the CSF can also be modulated by brain parenchymal cells, which secrete molecules that can be transported from the ISF into the CSF sink through a paravascular route (Cserr and Ostrach, 1974; Iliff et al., 2012) , also termed the glymphatic route (discussed below).
The total CSF volume is renewed about 11 times a day in young-adult rats and about 4 times a day in healthy humans (Preston, 2001; Silverberg et al., 2001) . CSF flow within the ventricles is pulsatile, being influenced by respiratory and cardiac pulsation (Ridgway et al., 1987; Takizawa et al., 2017) , and directionality of the ventricular CSF flow is influenced by the beating of cilia from ependymal cells that ensheathe the ventricular wall (Faubel et al., 2016) . According to the traditional view of CSF homeostasis, the molecular contents of the CSF are cleared via three routes: via arachnoid granulations into the meningeal sinus (based on evidence from ex vivo experiments using dogs and non-human primates; Pollay and Welch, 1962; Welch and Pollay, 1961) , via lymphatics of the nasal mucosa into the CLNs (after crossing the cribriform plate and following a poorly characterized route along the olfactory nerves; Bradbury and Westrop, 1983; Johnston et al., 2004; Kida et al., 1993) , and via transporters and receptors present on the apical side of the choroid plexus epithelium (Ghersi-Egea et al., 2018; Johanson et al., 2008; Zlokovic et al., 1996 Zlokovic et al., , 2000 . This traditional concept of CSF homeostasis has now been challenged, however, by recently acquired knowledge about meningeal lymphatic vessels, specifically, that they have access to the CSF and, under healthy conditions, continuously drain its molecular and cellular contents ( Figure 1 ) into the CLNs (Aspelund et al., 2015; Louveau et al., 2015b Louveau et al., , 2018 . Thus, contrary to the proposed direct system for venous CSF outflow through arachnoid granulations (Pollay and Welch, 1962; Welch and Pollay, 1961) , recent studies (using in vivo imaging techniques) show that molecular tracers present in the CSF are largely drained by the lymphatic vessels of the meninges (Absinta et al., 2017; Aspelund et al., 2015; Louveau et al., 2015b; Ma et al., 2017) , highlighting the importance of this draining lymphatic route for the clearance of molecules from the brain. However, to further reinforce the observations obtained using the mouse model, it would be interesting to use larger mammals such as dogs or sheep (where the meningeal arachnoid granulations are actually detectable) to measure the differential contribution of the meningeal lymphatic vessels and of the arachnoid granulations-venous sinus route to CSF outflow from the CNS.
Changes in CSF composition and renewal are involved in several key aspects of CNS physiology, including intracranial pressure equilibrium (through counterbalance of CSF formation and drainage; Botfield et al., 2017; Oshio et al., 2005) , removal of waste metabolites from brain-cell activity, such as amyloid beta (Ab), which ends up in the CSF sink (Johanson et al., 2008; Palmert et al., 1989; Tarasoff-Conway et al., 2016; Xie et al., 2013) , and neuroinflammation (Baruch et al., 2014; Marques et al., 2009) . Changes in CSF composition also affect neural cell development and function (Ghersi-Egea et al., 2018; Saunders et al., 2013) , for example, by modulating the proliferation of neuronal progenitors during brain development (Lehtinen et al., 2011) , or neurogenesis in the adult brain (Silva-Vargas et al., 2016) . Decrease in CSF production and clearance is considered to be a serious aggravating factor in different models of neuropathology such as hydrocephalus and ischemia (Botfield et al., 2017; Ennis and Keep, 2006) and contributes to the decay of brain function in aging and in aging-associated neurodegenerative diseases 
and Pathways of Paravascular Recirculation
A schematic representation of the brain meninges constituted by dura, arachnoid, and pia layers. Lymphatic vessels that are present in the meningeal dura drain components of the cerebrospinal fluid (CSF) that fills the subarachnoid space. Arising from the brain surface, cerebral arteries extend into pial and then subpial arteries. Highercaliber pial arteries extend into smaller caliber arterioles (both wrapped by smooth muscle cells) that dive into the brain parenchyma. Clearly defined paravascular spaces of about 50-100 nm, the Virchow-Robin spaces, are filled with CSF that flows into deeper brain regions, along the arterioles and capillaries, and diffuses through the glia limitans into the parenchyma. Efflux of interstitial fluid (ISF) happens through paravenous spaces back into the subarachnoid CSF. such as AD (Johanson et al., 2008; May et al., 1990; Roh et al., 2012; Silverberg et al., 2001; Skillb€ ack et al., 2017; Tarasoff-Conway et al., 2016) . In patients with late-onset AD, faulty clearance of Ab from the ISF/CSF (rather than its increased production) is closely related to its accumulation in the brain (Mawuenyega et al., 2010; Tarasoff-Conway et al., 2016) . The protein content of the CSF increases with aging (Kleine et al., 1993a (Kleine et al., , 1993b and was shown to be even higher in patients with aging-associated dementia (Skillb€ ack et al., 2017) . Both in rodents and in humans the CSF turnover rate declines with age; the total CSF volume is twice as high in the elderly as in young adults, mostly because of age-related atrophy of the brain parenchyma (Preston, 2001) .
It is well accepted that alterations in CSF homeostasis, either acute or chronic, are closely associated with changes in brain function. Below, we discuss the importance of the paravascular glymphatic route, as well as the contribution of meningeal lymphatic drainage to CSF/ISF recirculation and to the maintenance of CNS fluid composition. Finally, we address the impact of aging-associated meningeal lymphatic dysfunction on the manifestation of behavioral deficits, as well as on the development of neurodegenerative disorders, with particular focus on AD.
Glymphatic Route and Neurophysiology
The CNS parenchyma presents a complex network of blood vessels, which provide oxygen and nutrients to neural cells (Zhao et al., 2015a) but is devoid of lymphatic vessels (Louveau et al., 2016) . In contrast, all peripheral organs possess lymphatic vasculatures that are critical for the maintenance of tissue homeostasis (Alitalo, 2011). In the CNS parenchyma, drainage of cellular debris and waste products from cell metabolism, which in the periphery is usually attributed to the conventional lymphatic vasculature, is in part performed by a paravascular route through which interchange between the CSF and the ISF takes place (Iliff et al., 2012 (Iliff et al., , 2013a Kress et al., 2014; Rennels et al., 1985; Xie et al., 2013) . Classic studies performed in the 1970s showed that molecular tracers injected into the brain parenchyma circulate within the interstitium and end up in paravascular spaces (Cserr et al., 1977; Cserr and Ostrach, 1974) . On the other hand, a study performed in the 1980s showed that molecules injected into the subarachnoid CSF could follow a paravascular route and enter the brain in under 10 min, providing one of the first indications of a continuous interchange between the CSF and the ISF (Rennels et al., 1985) . It was not until recently, however, that more light could be shed on this route of communication between the subarachnoid CSF and the parenchymal ISF, by the use of fluorescent molecular tracers and in vivo two-photon laser scanning microscopy (Iliff et al., 2012) .
To understand how the interchange between the CSF and ISF takes place, we first need to examine the cytoarchitecture of the brain vasculature ( Figure 1 ). Cerebral arteries at the cortical surface extend into pial and then subpial arteries, all of which are wrapped by smooth muscle cells and are in direct contact with the subarachnoid CSF (Zhang et al., 1990; Zhao et al., 2015a) . Higher-caliber pial arteries then branch into lower-caliber arterioles that penetrate the brain parenchyma (Zhang et al., 1990) , forming clearly defined CSF-filled Virchow-Robin spaces (of about 50À100 nm) between the arterial basement membrane and the glia limitans composed by the astrocytic endfeet (Haj-Yasein et al., 2011) . The Virchow-Robin (or paravascular) spaces exist along the arterioles and capillaries that dive into deeper brain regions (Haj-Yasein et al., 2011; Zhang et al., 1990; Zhao et al., 2015a) . The arterial capillaries then converge into enlarged venules, which are still ensheathed by the glia limitans and also present a paravascular CSF/ISF-filled space (Zhao et al., 2015a) . The venules converge into larger subcortical and cortical veins, which in turn converge into sinus networks (such as the meningeal superior sagittal sinus) that exit the CNS to drain into the jugular veins Zhao et al., 2015a) . Pericytes, essential for maintenance of the BBB integrity and function (Armulik et al., 2010; Bell et al., 2010; Daneman et al., 2010) , are found in close contact both with the basal lamina extracellular matrix (ECM) of arteries and capillaries and with the CSF/ISF that fills the paravascular space (Armulik et al., 2011; Zhao et al., 2015a) . Importantly, the basal lamina ECM of brain capillaries and venules is composed mainly of laminin, fibronectin, type IV collagen, and heparan sulfate proteoglycans (Baeten and Akassoglou, 2011) and therefore provides only minimal resistance to the paravascular fluid exchange and recirculation.
This paravascular route was proposed as a mechanism for small-molecule exchange between the CSF and the ISF (Iliff et al., 2012; 2013a) . Briefly, subarachnoid CSF flows along the Virchow-Robin spaces deep into the brain (paravascular influx), leaves the periarterial space to interchange with ISF within the parenchyma, and then exits along perivenous spaces (paravascular efflux) back into the subarachnoid space. Molecules of 100 kDa or less (such as horseradish peroxidase or ovalbumin, both $45 kDa) encounter no major resistance to entering or leaving the brain parenchyma through the endfeet clefts of the glia limitans (Iliff et al., 2012; Rennels et al., 1985) . Also in disagree-ment with this paravascular pathway theory (Iliff et al., 2012 (Iliff et al., , 2013a , it was initially hypothesized that interstitial molecules such as Ab would leave the brain exclusively through the periarterial spaces, which in the case of Ab peptides would lead to its aggregation and accumulation around the walls of brain arteries (Carare et al., 2008; Hawkes et al., 2011) . However, it is still debatable whether blood vessel capillaries (which account for the vast majority of the blood vessel length in the brain; Sweeney et al., 2018) have a perivascular space filled with CSF/ISF or if this space is at some point fully replaced by basal lamina ECM content. Additional studies (using ultrastructural imaging techniques) should be performed to fully address this aspect of brain vascular cytoarchitecture. Ultimately, an improved knowledge of the extent of perivascular spaces in the brain would allow us to better understand the phenomenon of macromolecule recirculation through the glymphatic pathway. Although some controversy remains about the mechanisms that modulate the paravascular CSF/ISF recirculation (Engelhardt et al., 2017; Smith et al., 2017) , one of the features of this route is the crucial role of aquaporin 4 (AQP4), which is expressed in the astrocytic endfeet that ensheathe the brain's blood vasculature (Iliff et al., 2012; Mestre et al., 2017) . Furthermore, in addition to its contribution to paravascular fluid and macromolecule exchange, astrocytic AQP4 was shown to be important for the preservation of glia limitans integrity at the BBB (Haj-Yasein et al., 2011) . Cerebral arterial pulsation was proposed as another essential mechanism for promoting the paravascular flow of CSF into the brain (Iliff et al., 2013b) , although recent studies have claimed otherwise (Asgari et al., 2016; Smith et al., 2017) . Interestingly, it was shown that paravascular solute influx/efflux mechanisms become more efficient under anesthesia or sleep state (Xie et al., 2013) , contributing to increased brain ISF metabolite (like lactate and Ab) clearance (Iliff et al., 2012; Lundgaard et al., 2017; Roh et al., 2012) .
Decreased brain-wide paravascular solute influx/efflux, with subsequently impaired clearance of ISF waste, has been associated with poor outcome in different models of brain disease and pathology. Decreased paravascular fluid influx/efflux was observed in rodent models of traumatic brain injury (a risk factor for early-onset dementia; Iliff et al., 2014) , of cortical spreading depression (an animal model of migraine aura; Schain et al., 2017) , and of multiple microinfarcts (closely associated with the development of vascular dementia; Venkat et al., 2017; Wang et al., 2017) . In the traumatic brain injury model, decreased paravascular efflux of tau protein results in augmented pathology , which might have repercussions for frontotemporal dementia and AD, two diseases with raised levels of intraneuronal neurofibrillary tangles and extracellular tau in the brain interstitium (Shi et al., 2017; Yamada et al., 2011; Yanamandra et al., 2017) . Importantly, aged mice demonstrate a marked decrease in glymphatic function (Da Mesquita et al., 2018; Kress et al., 2014) , which might represent an aggravating factor for inherent or existing pathology and contribute to aging-related brain dysfunction and cognitive deficits. In AD, toxic Ab peptides are present in the extracellular ISF (Cirrito et al., 2003; Roh et al., 2012) and can be excreted into the blood at the BBB by receptor-mediated transcytosis (by low-density lipoprotein receptor-related protein 1 [Deane et al., 2004 [Deane et al., , 2008 Shibata et al., 2000] in a process mediated by phosphatidylinositol binding clathrin assembly protein or PICALM [Zhao et al., 2015b] ), be internalized and degraded by brain phagocytes (Keren-Shaul et al., 2017; Mildner et al., 2011; Wang et al., 2016) , or be transported back into the CSF through the glymphatic route (Iliff et al., 2012) (Figure 2 ). Excretion of Ab from the ISF into the CSF is dependent on the fitness of the paravascular route and is markedly decreased when the ISF efflux is dampened by AQP4 deficiency (Iliff et al., 2012) . Consistently, brain amyloid pathology is significantly worsened in AD transgenic mice that are crossed with mice on an Aqp4-null background (Xu et al., 2015) . Moreover, decreased paravascular CSF influx/ISF efflux, possibly due to early Ab accumulation in both perivenous and periarterial spaces (Dorr et al., 2012; Michaud et al., 2013) , precedes amyloid plaque deposition in the brain parenchyma of AD transgenic mice (Peng et al., 2016) .
Despite substantial research efforts, the cellular and molecular culprits for the age-related weakening of glymphatic function remain poorly understood. Furthermore, longitudinal and mechanistic experiments will be needed in order to address, in greater detail, the implications of decreased brain paravascular fluid circulation for specific aspects of brain physiology, both under healthy conditions and in models of aging and AD.
The Meningeal Lymphatics-Glymphatics Connection in Aging
Based on current knowledge about the exchange of solutes between CNS compartments, it can reasonably be hypothesized that solutes present in the CSF may either travel via the paravascular route to reach the brain parenchyma or be drained by meningeal lymphatics into the periphery. However, until recently, it was unknown whether these two systems, the meningeal lymphatics and the paravascular flow (glymphatics), worked in tandem to regulate CSF/ISF homeostasis. Recent work from our lab demonstrated that the fitness of glymphatics (paravascular CSF influx and ISF efflux of macromolecules) is modulated by meningeal lymphatic function (Da Mesquita et al., 2018) , suggesting a direct linkage between the two systems via brain fluids without any obvious anatomical connection (Figure 3 ). Using pharmacological, surgical, and genetic models (Harvey et al., 2005; Louveau et al., 2015b Louveau et al., , 2018 Tammela et al., 2011) , we showed that decreased drainage by meningeal lymphatic vessels results in impaired influx of CSF molecules into the brain (Da Mesquita et al., 2018) . Notably, 1 month after pharmacological ablation of brain meningeal lymphatics in young-adult mice, learning and memory deficits were elicited without any detectable side effects on blood vasculature (Da Mesquita et al., 2018) .
Aging is known to negatively affect the function of lymphatic vessels in peripheral organs (Chevalier et al., 1996; Hos et al., 2008; Nagai et al., 2011) . Likewise, in the CNS, aging was shown to be associated with impaired functioning of meningeal lymphatic vessels (Da Mesquita et al., 2018; Ma et al., 2017) (Figure 3 ). Sequencing of meningeal LECs from young-adult and aged mice revealed significant differences between the two groups in gene expression, pointing to impaired immunerelated function, cytoarchitecture, and morphology (along with differences in ECM) and response to growth factors in the older mice (Da Mesquita et al., 2018) . Changes in meningeal LEC transcriptome in old mice were further supported by substantial alterations in the morphology and complexity of lymphatic vessels and their decreased capacity for drainage of CSF solutes into dCLNs (Da Mesquita et al., 2018) . In a concomitant recent publication, it was demonstrated that CSF solute outflow into the sCLNs is decreased in old mice (Ma et al., 2017) . Notably, using different strategies for delivery of VEGF-C, a growth factor that can act on both peripheral and CNS-draining lymphatics (Antila et al., 2017; Karkkainen et al., 2004; Saaristo et al., 2002) , into the meningeal milieu of old mice, we were able to enhance both lymphatic drainage into the dCLNs and brain paravascular CSF influx; moreover, old mice treated with VEGF-C showed improved performance in behavioral tests that assess learning and memory, namely, the novel location recognition test and Morris water maze (Da Mesquita et al., 2018) . The existence of a meningeal lymphatic-glymphatic connection with implications to brain function in aging raised other interesting questions that should be addressed in future studies. For example, despite the connection between the two systems, it is still unclear whether aging's terrible toll acts first on meningeal lymphatic function or on glymphatics (or even on the components of the neurovascular unit that is indissociably linked to the glymphatic route) or if both systems become independently impaired. Alongside a more detailed longitudinal characterization of Toxic amyloid beta (Ab) peptides are present in the extracellular brain ISF. One of the most important mechanisms of Ab clearance from the brain extracellular environment is receptor-mediated transcytosis across the blood-brain barrier. Monomeric or aggregated Ab can also be internalized and degraded by brain phagocytes, resident microglia, or monocyte-derived macrophages that might be recruited and engraft the brain. Efflux of soluble Ab from the brain ISF back into the subarachnoid CSF sink also takes place through paravascular spaces (glymphatic route). changes in meningeal lymphatic and glymphatic function with aging, it would be essential to explore possible connections with age-dependent alterations in CSF/ISF composition, molecular exchange mechanisms at the BBB (and with decreased barrier integrity with aging), and ultimately with the function of neural cells, particularly of microglia ( Figure 2) .
Meningeal Lymphatics and AD
The major risk factor for late-onset AD is age (Brookmeyer et al., 2018; Erkkinen et al., 2018) . Aging is accompanied by a progressive deterioration of brain vascular function, which in AD is further aggravated owing to cerebral amyloid angiopathy (Dorr et al., 2012; Iadecola, 2013; Montagne et al., 2015; Zhao et al., 2015a) . Several of the genetic risk factors for late-onset AD, such as the apolipoprotein E4 (ApoE4) gene variant (Corder et al., 1993) , or presence of single nucleotide polymorphisms in the genes that encode the proteins clusterin and PICALM (Harold et al., 2009) , are associated with BBB dysfunction and impaired transvascular clearance of Ab (Deane et al., 2008; Halliday et al., 2016; Zhao et al., 2015b; Zlokovic et al., 1996) . Clearance mechanisms at the BBB are responsible for $75% of Ab excretion from the brain (Deane et al., 2004; Tarasoff-Conway et al., 2016) . However, recognition of the glymphatic system as an alternative route of Ab recirculation from brain ISF into the CSF sink (Iliff et al., 2012 (Iliff et al., , 2013a Louveau et al., 2017) and detection of Ab in the CLNs of AD transgenic mice (Pappolla et al., 2014) led to the hypothesis that impaired meningeal lymphatic drainage of CSF would affect Ab clearance and hence exacerbate the brain's amyloid burden in AD (Louveau et al., 2016) . Besides describing the close relationship between meningeal lymphatic drainage and glymphatic function as well as the decline in meningeal lymphatic function with age (Da Mesquita et al., 2018) , we have now also shown that ablation of meningeal lymphatic drainage in young-adult AD transgenic mice (both J20 and 5xFAD models) leads to more severe brain amyloid pathology. Surprisingly, we also found significant deposition of Ab in the meninges of AD transgenic mice with ablated meningeal lymphatics, a feature not observed in their counterparts with intact meningeal lymphatics (Da Mesquita et al., 2018) . Both the meningeal amyloid deposition and the recruitment of local macrophages around Ab deposits that we observed in AD trans- Functional meningeal lymphatic vessels drain macromolecules (such as Ab) from the CSF of the young and healthy brain. Influx of CSF through the paravascular (glymphatic) route leads to brain perfusion by CSF/ISF and paravascular efflux of macromolecules from the parenchymal ISF back into the CSF. Dysfunction of meningeal lymphatic vessels with aging contributes to impairment of influx/efflux mechanisms and to poor recirculation of CSF content. genic mice after lymphatic ablation were similar to what was observed in human dura from AD patients (Da Mesquita et al., 2018) . Taken together, our most recent observations suggest that the decreased meningeal lymphatic function in aging might exacerbate brain and meningeal amyloid pathology ( Figure 3 ) and eventually precipitate the appearance of cognitive deficits in AD. However, there is still much to learn about the consequences of this age-related decrease in meningeal lymphatic drainage. Regulation of meningeal immunity and of inflammatory cytokine levels in the CSF by meningeal lymphatic function (Kipnis, 2016) , together with their ability to modulate brain paravascular CSF influx/ISF efflux mechanisms, might represent a novel and unexplored mechanism to be manipulated for the benefit of the brain. This novel potential role for the meningeal lymphatics is discussed below.
Meningeal Lymphatics-Glymphatics and Neuromodulation by Cytokines
Neurons, by communicating with each other through electrical and chemical synapses, serve as the primary functional building units of the CNS (Eccles, 1982; Pereda, 2014) , with glia playing vital support roles in neuronal function. Chemical transmission occurs when one or more types of neurotransmitters, in response to an action potential, are released from presynaptic buttons and bind with postsynaptic receptors (ionotropic or metabotropic), thereby inducing downstream changes in resting potential and/or activation of intracellular signaling transducing pathways that can influence gene expression (Greengard, 2001; Miesenbö ck et al., 1998; Pereda, 2014) . Depending on their different postsynaptic downstream effects, neurotransmitters can be divided into two main categories, fast-acting and slow-acting (Hnasko and Edwards, 2012; Kaeser and Regehr, 2014) . Foremost among the fast-acting neurotransmitters are glutamate and gamma-aminobutyric acid (GABA). Upon their release at the synaptic cleft, they bind with postsynaptic ionotropic receptors to induce, within milliseconds, excitatory and inhibitory responses, respectively (Fonnum, 1984; Hnasko and Edwards, 2012; Klingauf et al., 1998) . Examples of slow-acting neurotransmitters/neuromodulators are monoamines (such as dopamine, serotonin, norepinephrine, and histamine), acetylcholine, purines (such as ATP), and gasotransmitters (such as nitric oxide and carbon monoxide) (Daubert and Condron, 2010; Graybiel, 1990; Picciotto et al., 2012) . The term ''slow-acting'' neuromodulator refers to their ability to modulate the neuronal response to fast-acting neurotransmitters upon being released separately or together with them (Caulfield and Birdsall, 1998; Hnasko and Edwards, 2012; Kebabian and Calne, 1979; Peroutka et al., 1981; Tritsch et al., 2016) . After binding to metabotropic postsynaptic receptors, the slow-acting neuromodulators do not directly induce neuronal membrane depolarization but rather influence postsynaptic neuronal function by activating intracellular second-messenger signaling pathways (Beaulieu and Gainetdinov, 2011; Martinowich et al., 2007; Yogev and Shen, 2014) .
In the peripheral nervous system, neurotransmitters and neuromodulators can modulate the immune response and inflammatory disease outcome at the level of peripheral organs, such as liver, lung, or intestine (Ben-Shaanan et al., 2016; Borovikova et al., 2000; Cardoso et al., 2017; Klose et al., 2017; Tracey, 2009; Wallrapp et al., 2017) . For example, vagal nerve stimulation (via release of acetylcholine [ACh]) attenuates systemic inflammation by inhibiting the production and release of tumor necrosis factor (TNF) by the liver, through a mechanism that is dependent on expression of the nicotinic ACh receptor alpha 7 subunit by macrophages (Borovikova et al., 2000; Wang et al., 2003) . On the other hand, activation of dopaminergic neurons of the ventral tegmental area can boost innate and adaptive immunity (Ben-Shaanan et al., 2016) . Notably, at mucosal surfaces the peripheral nervous system produces neuromedin U to promote antimicrobial responses by type 2 innate lymphoid cells, boosting the production of inflammatory and tissue repair cytokines (Cardoso et al., 2017; Klose et al., 2017; Wallrapp et al., 2017) .
Besides relaying electrical and chemical signals and modulating inflammatory responses, neurons also express cytokine receptors, which mediate immune cell-cell communication and are essential players in both innate and adaptive immune responses (Gasteiger and Rudensky, 2014; Kipnis, 2016; Miyajima et al., 1992) . Cytokines, together with neurotransmitters, play an important role in synaptic plasticity, a process that is strongly linked to learning and memory. Under physiological conditions, TNF released by astrocytes regulates homeostatic synaptic plasticity (Stellwagen and Malenka, 2006) and experiencedependent plasticity in the developing visual cortex (Kaneko et al., 2008) . Increased cytokine production in response to exogenous pathological stimuli was also shown to affect neuronal synaptic plasticity. For example, increased levels of the double-stranded RNA viral mimetic poly(I:C) led to the production of TNF by peripheral monocyte-derived immune cells that caused dendritic spine loss in the mouse primary motor cortex, impairments in learning-dependent dendritic spine formation, and deficits in multiple learning tasks (Garré et al., 2017) . Another pro-inflammatory cytokine, interleukin 1 beta (IL-1b), is also involved in memory formation and maintenance. Long-term potentiation (LTP) in the hippocampus is accompanied by increased expression of Il1b (the gene encoding IL-1b) and incubation of brain slices with IL-1 receptor antagonist induces a reversible impairment of LTP maintenance (Schneider et al., 1998) . Increased expression of Il1b in the hippocampus is also induced following fear conditioning training and blockade of IL-1b signaling, either by IL-1 receptor antagonist or lack of IL-1b receptor expression, dampens fear memory as well as spatial reference learning and memory (Avital et al., 2003; Goshen et al., 2007) . These behavioral deficits were associated with enhanced paired-pulse inhibition in the hippocampus, in response to perforant path stimulation and consequent impaired LTP in the dentate gyrus (Avital et al., 2003) . Other cytokines such as IL-4, interferon gamma (IFN-g), and type I IFNs, when present in the ISF and CSF, can bind to cytokine receptors on neurons, inducing changes in neuronal transmission and consequently affecting higher brain functions such as social and learning behaviors (Baruch et al., 2014; Derecki et al., 2010; Filiano et al., 2016; Kipnis, 2016 Kipnis, , 2018 Walsh et al., 2015) . Performance of a cognitive task increases the numbers of IL-4-producing T cells in the brain meninges (Derecki et al., 2010) , and both learning and memory are impaired in T cell-depleted and Il4-null mice (Derecki et al., 2010; Kipnis et al., 2004) . Those observations were further supported by the finding that IL-4 produced by T cells can be directly recognized by neurons (which express the IL-4 receptor) thereby inhibiting axonal degeneration and improving disease outcome in models of CNS injury or autoimmunity (Vogelaar et al., 2018; Walsh et al., 2015) . Another T cell-derived cytokine, IFN-g, is needed for synaptic transmission of GABAergic neurons in the prefrontal cortex, which support normal social interactions in mice (Filiano et al., 2016) . Recent findings in the nematode Caenorhabditis elegans suggest that neuromodulation by cytokines might be conserved across species. In C. elegans, IL-17 acts directly on RMG interneurons, modulating their responsiveness to input from oxygen sensors . In mice, interestingly, fetal exposure to high levels of maternal IL-17 leads to development of behavioral deficits in the offspring (autism spectrum disorder-related behavioral impairments) and abnormal cortical development (Choi et al., 2016; Shin Yim et al., 2017) , supporting a crucial role for IL-17 in brain development and homeostasis. In view of the wide but highly controlled distribution of cytokines within the CNS and their influence on brain development and function, in some cases through direct signaling on neurons, at least some cytokines could be considered as a new family of neuromodulators (Dantzer et al., 2008; Kipnis, 2018; Pereda, 2014) .
Although recent studies suggest that cytokines can act as neuromodulators under both physiological and pathological conditions, it is nearly always difficult to clearly identify the specific cellular sources of cytokines and whether or how these cytokines recirculate within the brain. Here, we consider three possible sources of neuromodulatory cytokines (Figure 4) . The best-characterized source is that of the brain parenchymal cells, particularly glia. For example, release of TNF by astrocytes is essential for the homeostatic plasticity of neurons during the critical period of their development (Lee et al., 1993; Stellwagen and Malenka, 2006) . In most cases, however, increased cytokine production in the brain occurs in response to noxious stimuli, such as the release of IL-33 by oligodendrocytes in response to injury (Gadani et al., 2015a (Gadani et al., , 2015b or the production of TNF, IL-6, and IL-1b by myeloid cells recruited into the brain after infection (Klein et al., 2017; Mildner et al., 2008) or by microglia, the brain resident phagocytes, in models of AD-related amyloidosis (Heneka et al., 2013; Meda et al., 1995) .
Neuron 100, October 24, 2018 381 Neuron Perspective An alternative source of cytokines in the CNS is represented by brain meningeal immune cells, both myeloid and lymphoid (Derecki et al., 2010; Filiano et al., 2016; Herz et al., 2017) . Cytokines produced by meningeal immune cells and released into the CSF may diffuse into the brain via the glymphatic pathway and thus interact with receptor-bearing neurons and glial cells (Figure 4 ). It will be interesting to examine whether immune cells residing in different locations of the brain meninges produce different cytokines, thereby affecting particular neuronal subpopulations and generating different behavioral responses. It is also possible that the response of meningeal immune cells to different stimuli from the brain may result in their expression of different cytokines.
A third potential source of cytokines in the CNS is the blood. Blood-borne cytokines might act directly on brain endothelial cells (like type I IFNs upon infection [Blank et al., 2016] ), or they might reach the brain parenchyma, especially under brain inflammatory conditions, when BBB permeability is dramatically increased. In this situation, not only macromolecules but also circulating immune cells can readily access paravascular spaces and cross the glia limitans to reach the brain interstitium (Banks et al., 1995; Becher et al., 2017; Blank et al., 2016; Dunn, 2006) (Figure 4) . The release of cytokines by different cells, as well as their recirculation within the CNS, is thought to be regulated by circadian rhythm. Circadian control of BBB permeability, CSF production, and cellular cytokine release are all suggestive of a Cytokines can act as neuromodulators in both physiological and pathological conditions and their major sources are depicted. One of the major and best-characterized sources of cytokines in the brain are parenchymal cells, particularly glial cells like microglia, astrocytes, and oligodendrocytes. Cells found in the vicinity of the blood-brain barrier (BBB), namely, perivascular macrophages and pericytes, also secrete cytokines that can reach the brain extracellular milieu. Myeloid and lymphoid immune cells present in the brain meninges produce and secrete cytokines into the CSF, which may then be transported into the brain parenchyma trough the glymphatic route. Finally, blood-borne cytokines might act directly on endothelial cells of the brain vasculature (like type I interferons upon infection) or reach the brain parenchyma in conditions where the BBB is disrupted and leaky. precise spatiotemporal mechanism that controls cytokine levels in the brain and also affects neuronal activity (Agorastos et al., 2014; Banks et al., 1985; Entzian et al., 1996; Keller et al., 2009; Nilsson et al., 1992) .
Little is known about possible mechanisms that modulate cytokine recirculation and exchange between the ISF and the CSF, or about the kinetics of cytokine clearance from the brain, all of which might differ depending on the brain region and the time of day. As mentioned above, natural sleep or anesthesia are associated with a 60% increase in the interstitial space and result in a dramatic increase in exchange between CSF and ISF through glymphatics Xie et al., 2013) . In this context, it is important to gain a better understanding of the circadian changes in meningeal lymphatic drainage (and its relationship with the circadian-regulation of glymphatic function) and of the role of the meningeal lymphatics-glymphatics connection, particularly as a mechanism for controlling the paravascular influx of cytokines secreted by meningeal immune cells. Cytokine efflux from the parenchymal ISF might also be affected by aging or by conditions in which glymphatic and meningeal lymphatic functions are diminished or impaired (Da Mesquita et al., 2018; Kress et al., 2014) , possibly resulting in delayed cytokine clearance and prolonged action (protective or noxious) on neural cells (Dantzer et al., 2008; Deczkowska et al., 2016; Deleidi et al., 2015; Filiano et al., 2017) . It is also possible that altered levels of cytokines in the brain parenchyma or its fluids might modulate the meningeal lymphaticglymphatic connection and, hence, brain CSF/ISF exchange and CSF drainage. This might happen actively, through direct signaling on the cellular components within each system (for example, on astrocytes along the glymphatic route or on endothelial cells of the meningeal lymphatics), or passively, through indirect regulation of the sleep-wake cycle, which can be profoundly affected by different proinflammatory cytokines (Krueger, 2008; Krueger et al., 1984; Scheiermann et al., 2018) .
Concluding Remarks and Future Directions
Meningeal lymphatic dysfunction, associated, for example, with aging, correlates closely with impaired paravascular CSF influx/ ISF efflux of solutes in the brain through the glymphatic route, as well as with the manifestation of cognitive deficits and with more severe amyloid pathology in models of AD (Da Mesquita et al., 2018) . However, knowledge about the effect of meningeal lymphatic dysfunction on the properties of the brain neurovascular unit is almost nonexistent. Prolonged or chronic impairment of meningeal lymphatics, through decreased drainage of CSF contents and resulting decrease in CSF/ISF macromolecule renewal through glymphatics (Da Mesquita et al., 2018; Louveau et al., 2017) , might induce functional changes in astrocytes, pericytes, smooth muscle cells, and even in brain endothelial cells, which altogether might trigger neurodegeneration (Sweeney et al., 2018; Tarasoff-Conway et al., 2016; Zhao et al., 2015a) . Likewise, it is not known whether genetic risk factors of lateonset AD, such as ApoE4 (Corder et al., 1993; Deane et al., 2008; Shi et al., 2017) , have any effect on meningeal lymphatic function.
We hypothesize that age-dependent impaired lymphatic drainage will lead to changes in the frequency of particular populations of meningeal immune cells, to alterations in the accessibility of immune-derived cytokines to the brain parenchyma (by indirectly affecting molecular recirculation through the glymphatic pathway) and will ultimately affect glial and neuronal activity (Derecki et al., 2010; Filiano et al., 2016; Louveau et al., 2015a Louveau et al., , 2015b Louveau et al., , 2016 Louveau et al., , 2017 . Recent data also indicate that aging-induced alterations in meningeal lymphatic drainage and immunity might contribute to the buildup of brain amyloid pathology and manifestation of cognitive decline in AD (Da Mesquita et al., 2018; Ma et al., 2017) . Modulation of cytokine exchange between the CSF and the ISF through changes in meningeal lymphatics-glymphatics (with possible fluctuations along the sleepwake cycle) might serve as another key mechanism for the finetuning of neuronal activity (and overall brain homeostasis), as well as for the outcome of brain disease. Conditions with strong neuroinflammatory components, such as CNS autoimmune diseases like multiple sclerosis (Becher et al., 2017; Louveau et al., 2017) , CNS infection or injury (Gadani et al., 2015a; Perry et al., 2007) , sickness behavior and inflammaging (Dantzer et al., 2008; Deleidi et al., 2015) , might be influenced by the fitness of the meningeal lymphatic vasculature as well as by brain macromolecule and cellular recirculation through the meningeal lymphatic-glymphatic axis. All of these aspects should be addressed in future studies.
Owing to its effect on brain-wide macromolecule exchange and clearance mechanisms, which are of particular relevance for removal of toxic Ab from the AD brain and for cytokine signaling within the CNS, we propose that progressive dysfunction of the meningeal lymphatic system should be considered as a risk factor for aging-related brain disorders. We also anticipate the development of better imaging techniques (Absinta et al., 2017; Eide et al., 2018; Ringstad et al., 2017) , which will make it possible to employ meningeal lymphatic drainage and glym-phatic influx/efflux measurements in humans as diagnostic and/or prognostic tools in patients with neuroinflammatory and neurodegenerative disorders.
